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® Apparatus for measuring three-dimensional curved surface shapes. 



© A three-dimensional curved surface shape measuring apparatus of the slit light rotating type. In accordance 
with a composite image 0 (x . y ) produced when a slit light is rotationally scanned with resect to a picture of an 
object to be measured and horizontal displacements x<, and vertical displacements z<, of an axis of rotation of the 
slit light with respect to an origin of a reference plane, a necessary computational processing is performed to 
determine a three-dimensional shape f(x. y) of the object surface which is free of distortions due to a perspective 
effect of a television camera. 
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APPARATUS FOR MEASURING THREE-DIMENSIONAL CURVED SURFACE SHAPES 

The present invention relates to an apparatus for measuring three-dimensional curved surface shapes in 
a non-contact manner and more particularly to the compensation for distortions due to the perspective 
effect of its television camera. . • 

As a three-dimensional curved surface shape measuring method of this type, proposed in EP-A-0 335 
s 035 has been a method of scanning a linear slit light all over the surface of an object to be measured 
while rotating, the slit light, forming a composite image in which the value of each of picture elements within 
a picture of a video signal produced by picking up the surface of the object is represented by information 
relating to the angle of the slit light at the instant that the slit light passes through one of the positions on 
the object surface corresponding to each picture element and processing the composite image to measure 
to the three-dimensional curved surface shape of the object to be measured. 

However, this shape computing method is based on the tacit assumption that the distance between the 
television camera and the object to be measured is infinitely great or can be considered to be infinitely 
great. Where the distance between the television camera and .the object to be measured is finite and the 
perspective effect cannot be ignored when observing the object from the television camera as in the actual 
rs measuring system, there is a disadvantage that if this shape computing method is applied as such, 
distortions due to the perspective effect are caused in the shape measurement result obtained. 

It is an object of the present invention to provide a three dimensional curved surface shape measuring 
apparatus which is capable of eliminating any distortions due to the perspective effect of its television 
camera. 

20 The three-dimensional curved surface shape measuring apparatus according to the present invention is 
directed to measuring apparatus of the slit light rotating type. Thus, in accordance with a composite image 
(x ,y ) produced when a slit light is scanned over the picture of an object to be measured as well as 
horizontal displacements Xo and vertical displacements z<, of the axis of rotation of the slit light with respect 
to the origin of a reference plane, the necessary computational processing is performed to determine the 

25 three-dimensional shape f(x.y) of the surface of the object which is free of any distortions due to the 
perspective effect of a television camera. 
In the accompanying drawings: 
Fig. 1 is a schematic diagram showing the measuring principle of the three-dimensional shape 
measuring apparatus of the slit light rotating type disclosed in European Patent Appln. No. 88309659.6. 

30 Fig. 2 is a diagam useful for explaining the distortions in the measurement of the shape measuring 

method of the slit light rotating scanning type and a compensating method for the distortions. 

Fig. 3 is a schematic block diagram showing the construction of a three-dimensional shape 
measuring apparatus of the slit light rotating scanning type according to an embodiment of the present 
invention. 

35 With a view to facilitating the understanding of embodiments of the present invention, the apparatus 
disclosed in EP - A - 0 335 035 will be described briefly before making a description of the present 
invention. 

Fig. i illustrates a schematic diagram showing the measuring principle of the three-dimensional curved 
surface shape measuring apparatus of the slit light rotating type disclosed in EP - A - 0 335 035. As 

<o shown in the Figure, a slit light 3a spreading vertically to the paper plane is projected obliquely from above 
onto the surface of an object 2 to be measured which is placed on a reference plane 1 . and the object 2 is 
picked up by a television camera 8 from for example just above the object 2 while moving the slit light 
traversely to the paper plane by means for example of a rotating mirror 4, At this time, the manner in which 
the linear reflected pattern of the slit light the object surface is moved traversely in the picture is observed 

<s on a monitor television 18 connected to the television camera 8. 

The linear shape of the reflected pattern of the slit light 3a reflects the irregularity information of the 
object surface. In accordance with the video signal generated from the television camera 8 which picks up 
the manner in which the linear reflected pattern of the slit light 3a is moved over the object surface, a 
composite image is produced in which the value of each of the picture elements within the picture 

so represents the slit light projection angle at the instant that the slit light passes through the position on the 
object surface corresponding to that picture element. 

The thus produced image is such ihat the value of each of the picture elements corresponds to the 
angle of elevation obtained when the center of the slit light rotation of the rotating mirror 4 is looked up from 
the position on the object surface corresoonding to that picture element. As a result, if the composite image 
is represented in terms of (x.y) by us:ng the coordinate system (x.y) of the corresponding object surface. 
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the profile f(x,y) of the object surface can be obtained from the following equation by a simple geometrical 
calculation based on Fig. 1. 
f(x.y) = 2o - (Xo • x) tan* (x.y) 

However, this shape computing method is disadvantageous in that where the perspective effect of the 
s television camera cannot be ignored as mentioned previously, distortions due to the perspective effect are 
caused in the shape measurement result obtained. ' 

This disadvantage will be described with reference to Fig. 2. Fig. 2 corresponds to the measuring 
method of the slit light rotating scanning type shown in Fig. 1 . Where the perspective effect of the television 
camera is not negligible, the application as such of the shape computational expression disclosed in EP 
w - A * 0 335 035. f(x. y)= z Q - (x -'xjtan fl (x,y). causes x or the coordinate x of a point A in Fig. 2 to be 
regarded as x and therefore the following two attributive distorts are caused. 

(1) The height distortion: While the height z of the point A should properly be measured, what is 
measured is the height z of a point A which is the intersecting point between the slit light plane and the 
perpendicular drawn from the reference plane at the image point 8 of the point A on the reference plane. 
fs (2) The position distortion: While the coordinate x of the point A on the reference plane should 

properly be the coordinate x of the point B. it is regarded as if the coordinate x of the point b' and the 
coordinate x varies in dependence on the height of the point A. 

The background of the present invention has been made clear by the foregoing description and the 
distortion compensating method according to the present invention will now be described. 

20 



(1) The height distortion compensation 

The height z of the point A in Fig. 2 is given by the following expression from the Figure: 
25 z = z 0 - (x c - xftan $ (1) 

However, the point of projection of the point A on the reference plane is the point B and consequently 
the height of the point A is outputted as follows in accordance with the conventional method. 
* = Zo - (*o • x ) tan 9 ( 2 ) 



30 To provide compensation for this distortion, it is only necessary that the proper coordinate x of the point 
A on the reference plane can be computed from the actually observed projective coordinate x* of the point 
A on the reference plane. The relation between x and x is determined in the form of the following equation 
(3) by a simple geometrical calculation from Fig. "2. 
(a = the reference plane - television camera distance). 

35 x = (x - f ) x' (3) 

By substituting equation (3) in equation (1) and simplifying it. the height z of the point A is obtained in 
the form of the following equation. 
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in equation (4), x 0 corresponds to the composite image u(x y ) produced by scanning the slit light over 
the surface of the object to be measured and x corresponds to the composite image u 0 (x . y ) with respect 
to the reference plane. Thus, equation (4) "can be easily generalized and the shape computational 
expression compensated for the height distortion can be obtained in the form of the following equation. 

z(x\ y') =° 2_ t ....(5) 

1 + _2Ll tan 0 (x' , y' ) 



55 



3 



;s 



EP 0 391 532 A2 



(2) The position distortion compensation: 

Although the true height of the point A has been determined by equation (5). the position coordinates ot 
the point A are the coordinates (*'. y) of the projective point 8 of the point A on the reference plane 
centering the camera lens and not the coordinates (x. y) of the projective point B of the point A in the 
rectangular coordinate system. . ^•r 

This coordinates distortion can be compensated for by the following equations as will be readily seen 

from Fig. 2. 



to 



1 " 



(6) 



1 - 



z (x ' . y ' ) 



(7) 
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(3) The shape computational expression: 

By using the above-mentioned height and position distortion compensating expressions (5), (6) and (7) 
and considering the compensation for the perspective effect of the camera, the shape computational 
expression for the three-dimensional shape f(x. y) of the surface of the object to be measured can be given 
by the following equation 
f(x. y) = z (x\ y') (8) 

Referring now to Fig. 3. there is illustrated a schematic block diagram showing the construction of a 
three-dimensional shape measuring apparatus of the slit light rotating scanning type according to an 
embodiment of the present invention. An object 2 to be measured is placed on a reference plane 1 serving 
as a basis for measurement. A slit light 3a emitted from a slit light source 3 is reflected by a rotating mirror 
4- and projected onto the object 2 obliquely from above. The rotating mirror 4 is driven by a motor 6 which 
rs controlled by a motor controller 5 so that the rotating mirror 4 is driven to cause the slit light 3a to scan 
all over the surface of the object 2 on the reference plane 1 . 

At this time, it is assumed that the position (x 0 . z c ) of the central axis of rotation of the rotating mirror 4 
relative to the reference plane 1 is measured accurately. Also, it is so arranged that the angle formed by the 
rotating mirror 4 with the reference plane 1 is detected by a rotation angle sensor 7A operatively mounted 
on the shaft of the motor 6. and the angle is applied through the motor controller 5 to a shape measuring 
apparatus 9 thereby computing the slit light projection angle 9 varying from moment to moment with 
respect to the object 2 to be measured. 

On the other hand, the surface of the object 2 is picked up by a television camera 8 arranged so that its 
optical axis crosses the reference plane i at right angles and the resulting video signal is applied to the 
shape measuring apparatus 9. 

The shape measuring apparatus 9 comprises mainly a shape computing circuit 10 serving as image 
computing means for performing a shape computation by image composing a light projection angle 
computing circuit 20 for computing a slit light projection angle e from the output of the rotation angle sensor 
7A and applying it to the shape computing circuit 10. and a sequence controller 11 for applying commands 
to the motor controller 5 and controlling the timing of computation of the shape computing circuit 10. 

During the shape measurement, the shape measuring apparatus 9 drives the motor 6 through the 
sequence controller 1 1 in response to the externally applied start signal and the rotating mirror 4 is set in its 
initial position. Thereafter, the rotation of the rotating mirror 4 is started thereby starting the scanning of the 
slit light 3a. 

The shape computing circuit 10 includes in its input section an image composing circuit 12 which will 
be described later so that at the same time that the scanning of the slit light source 3 is started, the video 
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signal applied from the television camera 8 is processed from moment to moment so that during one 
scanning period of the slit light 3a an image composing computation is performed in which the value of 
each of the picture elements within the picture is represented by a light projection angle read from the light 
projection, angle computing circuit 20 at the instant that the slit light passes through that picture element. 

s After the computation of the composite image *(x . y ) hasten completed, in response to the 
commmand from the sequence controller 1 1 the computation of a height z(x . y ) is performed by means of 
a height computing circuit 15 in accordance with equation <5). Then, a distortion compensating circuit 16 
provides compensation for the distortions in accordance with equations (6). (7) and (8) and the resulting 
height profile data f(x. y) is stored in a three-dimensional shape memory 17. 

to In response to the command from a higher rank computer or a CAD system, the height profile data 
stored in the three-dimensional shape memory 17 is suitably transferred to the higher rank computer or the 
CAD system. 

It is to be noted that while, in the above-described embodiment of Fig. 3, the light projection angle e is 
directly used as a composing signal in the image composing circuit 12, assuming for example that the 

is rotating mirror is rotated at a uniform rate, any quantity corresponding to the light projection angle e. e.g.. 
the elapsed time since the starting of the rotation can be used and the light projection angle itself need not 
be used particularly. In this case, however, a light projection angle conversion circuit must be provided after 
the image composing circuit 12. Further, the light projection angle e is always used only in the form of its 
tangent tan e and therefore the image composing circuit 12 may produce a composite image in terms of 

20 the tangents tan e in place of the light projection angles 6. 



Claims 

1. A three-dimensional curved surface shape measuring apparatus for rotating a linear slit light within a 
plane of said slit light beam relative to a picture of an object to be measured and about an axis of rotation 
comprising a straight line parallel to a reference plane to scan said slit light all over a surface of said object 
to be measured, measuring projection angles of said slit light, picking up the picture of said object to be 
measured by a television camera from a direction different from the direction of projection of said slit light 

30 processing a video signal from said television camera to form a composit image in which a value of each of 
picture elements within the picture is represented by a light projection angle read at an instant that said slit 
light passes through one of positions on the picture of said object corresponding to each picture element or 
a value equivalent thereto and performing a computational processing on the basis of said composite image 
to measure a three-dimensional curved surface shape of said object to be measured, and characterised by: 

55 Shape computing means whereby in accordance with a composite image 0 (x . y ) produced when said slit 
light is scanned with respect to the picture of said object to be measured and horizontal displacements x 0 
and vertical displacements z 0 of the axis of rotation of said slit light with respect to an origin of said 
reference plane, a three-dimensional shape E(x. y) free of distortions due to a perspective effect of said 
television camera is determined. 

2. A measuring apparatus according to claim 1. wherein said shape computing means determines said 
three-dimensional curved surface shape f(x. y) of the surface of said object to be measured in accordance 
with the following equations 

f(x, y) = z(x\ y ) 
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z(x' f y' ) 



Z 0 " (x o ~ x,) tan 0(x '' V) 

1 + tan 0(x* , y ' ) 



X = 



1 - 



z (x • , y ' ) 
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2 (x ' . y ') 
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3. A measuring apparatus according to claim 2, wherein said shape computing means comprises a 
height computing means for determining a height z(x\ y') of said object to be measured in accordance with 
said composite image 6 (x , y ) produced when said slit light is scanned with respect to the picture of said 
object and said horizontal displacements x 0 and vertical displacements z<, of the axis of rotation of said slit 
light with respect to an origin of said reference plane, and a compensating circuit for removing distortions 
due to a perspective effect from said height z(x\ y) of said object to be measured. 

4. A measuring apparatus according to claim 2 or 3, further comprising: 

slit light projecting means for projecting said linear slit light onto the picture of said object to be measured: 
slit light rotating scanning means for rotating said slit light projecting means for rotating said slit light 
projecting means within a plane of said slit light beam and about an axis of rotation comprising a straight 
line parallel to said reference plane to scan said slit light all over the surface of said object to be measured; 
slit light angle measuring means for measuring light projection angles of said slit light: 
a television camera for picking up the surface of said object from a direction different from said slit light 
projecting means: and 

image composing means for processing a video signal from said television camera to form a composite 
image in which the value of each of picture elements within a picture is represented by a light projection 
angle read from said slit light angle measuring means at an instant that said slit light passes through one of 
positions on the picture of said object corresponding to each said picture element or a value equivalent 
thereto. 
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